H19 is a maternally expressed, imprinted, noncoding RNA with tumor-suppressor activity. During mouse preimplantation development, H19 is primarily expressed in the trophectoderm cells. The purpose of this project was to determine allelic expression of H19 in pre-and peri-implantation mouse embryos. We were further interested in determining if loss of imprinted H19 expression during blastocyst development occurred as a result of superovulation and/or culture. Our last goal was to ascertain if differential H19 allelic expression occurred between the inner cell mass (ICM)-containing half and the primary trophoblast giant cell (PTGC)-containing half of the embryo. C57BL/6J
INTRODUCTION
Genomic imprinting is an epigenetic mechanism in which gene expression is limited to a single parental allele. In mammals, about 100 imprinted genes have been described [1] . Imprinted genes are dependent on epigenetic machinery for maintenance of their parent-of-origin-specific gene expression. They play important roles in fetal growth control, placental development, and normal brain function. A change in expression of imprinted genes may result in developmental disorders [1] . These genes are usually found in clusters, and their expression is controlled by a discrete region of DNA known as the imprinted control region (ICR) [2] . The ICRs show differential methylation between the parental alleles. DNA methylation is a heritable chemical modification that occurs principally in the fifth carbon of a cytosine when followed by a guanine (i.e., CpG).
Imprinted gene clusters have been found to typically contain a noncoding RNA (ncRNA) and both maternally and paternally expressed genes. The regulation of allele-specific expression is not the same for all clusters of genes. Some clusters are regulated by the resident long ncRNA [1, 3] , while others are regulated by an insulator protein [1, 3, 4] .
The H19/Igf2 cluster of genes is an example of reciprocally imprinted genes regulated by binding of the zinc-finger insulator protein, CCCTC-binding factor (CTCF) [1, 5] . H19 (H19 fetal liver mRNA) is a maternally expressed, imprinted, long ncRNA associated with tumor suppressor activity [6] . It is expressed in mouse embryos during preimplantation development and is slowly downregulated after birth except in cardiac and skeletal muscles [7, 8] . H19 is located ;90 kb downstream of Igf2 (insulin-like growth factor type 2) and 2-4 kb downstream of the ICR [9] [10] [11] [12] . After implantation, Igf2 encodes a paternally expressed fetal growth factor associated with tumor enhancer activity. It is expressed during embryogenesis and downregulated after birth, except in chroroid plexus and leptomeninges, where it maintains biallelic expression [13] [14] [15] . Igf2 plays a role in embryonic growth; it has been identified in the region of the mural trophectoderm of peri-implantation embryos [16] . This cluster's ICR is differentially marked by methylation in the gametes. The maternal allele is unmethylated, whereas the paternal allele is methylated. The H19/IGF2 ICR orchestrates the accessibility of each gene to shared enhancers [17] through the binding of CTCF to the unmethylated maternal allele [2, 18] . This cluster of imprinted genes is located on mouse chromosome 7 and human chromosome 11 [2] .
It has become a concern that assisted reproductive technologies (ART) such as superovulation, embryo culture, or embryo transfer may be involved in loss of imprinting (LOI) [5, [19] [20] [21] [22] [23] . LOI refers to misregulation of imprinted gene expression. Children conceived by the use of ART have been reported to have an increased incidence of the overgrowth LOI syndrome Beckwith-Wiedemann [19, 24, 25] . BeckwithWiedemann syndrome patients show LOI of the Kcnq1ot1 imprinted gene. Kcnq1ot1 (KCNQ1 overlapping transcript 1) or Lit 1 is a paternally expressed long ncRNA located within the KvDMR1 cluster in the mouse chromosome 7 [3] and human chromosome 11, and is located telomeric of the H19/Igf2 cluster in the mouse [3, 26] . In embryonic and placental tissues, expression of Kcnq1ot1 results in the repression of several flanking protein-coding, maternally expressed genes on the paternal chromosome [4, 27] .
Previous research showed that embryo culture from the 2-cell stage to the blastocyst stage results in LOI, leading to biallelic expression of H19: after immunolyzing mouse blastocysts and analyzing H19 expression in pooled blastocysts by the use of single-stranded conformation polymorphism gel electrophoresis, it was suggested that H19 was trophectoderm specific and expressed in a biallelic manner in blastocysts cultured in Whitten culture medium [20] . A follow-up study by the same group analyzed individual allele-specific expression at the blastocyst stage and found ;65% of the blastocysts from the Whitten media culture group showed biallelic expression when compared to controls [22] .
Preliminary studies in our laboratory revealed biallelic expression of H19 in in vivo-produced (not cultured) periimplantation mouse embryos. Therefore, the current work was designed to study this phenomenon and to test the hypothesis that the late-stage mouse blastocyst expresses H19 in a biallelic manner as part of a necessary physiologic event during periimplantation. The goals of the present study were to ascertain allelic expression of H19 through blastocyst development and to determine which sections of the embryos show biallelic expression of this gene, using in vivo-and in vitro-cultured mouse embryos.
MATERIALS AND METHODS

Animals
All animal procedures were approved by the Animal Care and Use Committee of the University of Missouri.
In order to do this allele-specific expression study, C57BL/6J (Cast-7) (C7) females containing Mus musculus castaneus (Cast) chromosome 7 on a C57BL/ 6J (B6) background were mated to B6 males (The Jackson Laboratory). Mice were exposed to a 12L:12D cycle with lights on at 0700 h; presumed ovulation occurred at the middle of the dark cycle [28] . Mice had ad libitum access to food and water with a laboratory standard diet. Hybrid C73B6 F1 preimplantation embryos were collected and analyzed at 84, 96, and 108 h after presumed ovulation. The genomic polymorphisms between the strains allowed us to determine H19 parent-specific expression in the F1 progeny.
Type of Ovulation
Natural ovulation. Naturally cycling females (NO) were cohoused with B6 males. Ovulation was expected to occur at 0100 h (midpoint between the dark and light cycles [28] ) and was determined by the presence of a copulatory plug the morning after cohousing (Fig. 1) .
Superovulation. C7 females of 6-10 wk of age were superovulated (SO) by i.p. injection with 5 IU of equine chorionic gonadotropin (Calbiochem) followed by 5 IU of human chorionic gonadotropin (hCG; Sigma) 44 h later, and cohoused with B6 males. Ovulation was expected to occur ;12 h after hCG injection (i.e., 0100 h) [28] .
Embryo Collection and Embryo Culture SO in vitro group. Embryos at the 2-cell stage (44 h post-hCG) were flushed from the oviduct using 0.5 ml of 378C bicarbonate-free minimum essential medium supplemented with 3 mg/ml polyvinylpyrrolidone and 25 mM Hepes (MEM þ PVP [pH 7.3]; Sigma). F1 hybrid embryos were then collected, rinsed in fresh MEM þ PVP, and washed in either equilibrated potassium simplex optimized medium supplemented with amino acids (KSOM þ aa; Specialty Media) or Whitten medium (109. 51 Embryos were finally transferred to 70-ll drops of either KSOM þ aa or Whitten medium, both at a density of one embryo per 3.5 ll of medium. Embryos were then cultured at 378C in an environment containing 5% CO 2 , 5% O 2 , and 90% N 2 if in KSOM þ aa or in an environment containing 5% CO 2 in air if in Whitten media (Fig. 1A) . At 84, 96, and 108 h after presumed ovulation (i.e., 96, 108, 120 h post-hCG), all embryos were collected, briefly washed in MEM þ PVP, placed individually in 1.7-ml Eppendorf tubes containing 100 ll of lysis buffer (100 mM Tris-HCl [pH 7.5], 10 mM ethylenediaminetetraacetic acid [pH 8], 1% LiDS, and 5 mM dithiothreitol [DTT] [29] ), and immediately stored at À808C. A total of 227 embryos were collected and analyzed for KSOM þ aa (n ¼ 21, 57, and 62 for 84, 96, and 108 h, respectively) and Whitten media (n ¼ 17, 36, and 34 for 84, 96, and 108 h, respectively).
NO in vitro group. Embryos at the 2-cell stage (48 h postovulation) were flushed from the oviduct using 0.5 ml of 378C bicarbonate-free MEM þ PVP. C73B6F1 hybrid embryos were then collected, rinsed in fresh MEM þ PVP, washed in either equilibrated KSOM þ aa or Whitten media, and finally transferred to 70-ll drops of either KSOM þ aa or Whitten media, both at a density of one embryo per 3.5 ll of medium. Embryos were then cultured under the same conditions as the SO in vitro group (Fig. 1B) . At 84, 96, and 108 h after presumed ovulation, all embryos were briefly washed in MEM þ PVP, placed individually in 1.7-ml Eppendorf tubes containing 100 ll of lysis buffer, and immediately stored at À808C. A total of 126 embryos were collected and analyzed for KSOM þ aa (n ¼ 17, 27, and 25 for 84, 96, and 108 h, respectively) and Whitten media (n ¼ 11, 23, and 23 for 84, 96, and 108 h, respectively).
SO in vivo group. At 84, 96, and 108 h after presumed ovulation, C73B6 F1 hybrid embryos were flushed from the uterine horns using 1.0 ml of MEM þ PVP (Fig. 1C) . Collected embryos were individually placed in 100 ll of lysis buffer and immediately stored at À808C. A total of 149 embryos were collected and analyzed (n ¼ 40, 49, and 60 for 84, 96, and 108 h, respectively).
NO in vivo group. At 84, 96, and 108 h after presumed ovulation, C73B6 F1 hybrid embryos were flushed from the uterine horns using 1.0 ml of MEM þ PVP (Fig. 1D) . Collected embryos were individually placed in 100 ll of lysis buffer and immediately stored at À808C. A total of 76 embryos were collected and analyzed (n ¼ 26, 26, and 24 for 84, 96, and 108 h, respectively).
RNA Isolation and cDNA Library Construction from Single F1 Hybrid Blastocysts
A reusable cDNA library was constructed for each blastocyst obtained using the DynaBEADS mRNA DIRECT KIT (Invitrogen). The equilibration of the DynabeadOligo (dT) 25 beads was done according to the manufacturer's instructions. RNA isolation, cDNA libraries, and second-strand synthesis were prepared as described [21, 29] .
RT-PCR Primers
H19 intron-spanning primers were constructed using sequences published in the National Center for Biotechnology Information database (http://www. ncbi.nlm.nih.gov/; NCBI reference sequence: AF049091). They included forward primer 5 0 TTGAGAGACTCAAAGCACCCGTGA3 0 (position 7781-7804) and reverse primer 5 0 GGCAAAGGATGAAGTAGGGCATGT3 0 (position 8051-8074). The paternally expressed imprinted gene Kcnq1ot1 was also analyzed to test for LOI. Gene primers were designed using NCBI reference s e q u e n c e N R _ 0 0 1 4 6 1 , a n d t h e y i n c 
RT-PCR and Gapdh Expression
Following second-strand synthesis, PCR amplification of Gapdh was conducted in an Eppendorf Master Cycler (Eppendorf). The final concentration of the primers was 0.3 lM, and the PCR conditions were as follows: an initial denaturation step at 948C for 2 min 15 sec, followed by 35 cycles of a denaturation step at 948C for 15 sec, annealing at 588C for 30 sec, and NEGRÓ N-PÉ REZ ET AL. extension at 728C for 45 sec. The reaction concluded with a final elongation at 728C for 5 min, yielding a 643-bp PCR product. Gapdh expression was determined through the use of 7% polyacrylamide gel washed in 4 lg/ml ethidium bromide for 5 min; the gel was exposed to UV trans-illuminator and photographed. Samples that expressed the 643-bp Gapdh PCR product were then subjected to Kcnq1ot1 and H19 allelic determination.
H19 Allelic Determination
Allele-specific H19 expression was determined using two methods targeting two different single-nucleotide polymorphisms (SNP) between Cast and B6 mouse strains.
Quantitative real-time PCR and fluorescence resonance electron transfer. The H19 LightCycler Real Time PCR system (Roche Molecular Biochemicals) quantitative real-time PCR (qRT-PCR) assay was conducted as previously described ( Fig. 2A) [5, 19, 21] . Fluorescence resonance electron transfer (FRET) hybridization probes (labeled with fluorescein at the 3 0 end) were designed to bind with perfect complementarity to the B6 allele over an SNP at nucleotide 7954 (NCBI sequence AF049091) between B6 (G) and Cast (A), located in exon 5 [5] .
RT-PCR and restriction fragment length polymorphism. Following second-strand synthesis, PCR amplification of H19 was conducted in an Eppendorf Master Cycler, followed by restriction fragment length polymorphism (RFLP) analysis. The final concentration of the primers was 0.3 lM, and the PCR conditions were as follows: an initial denaturation step at 948C for 2 min 10 sec, followed by a touchdown PCR starting with a denaturation step at 948C for 30 sec, annealing at 64.88C for 30 sec, and extension at 728C for 1 min (one cycle); this was repeated for another six steps of one cycle each while decreasing the annealing temperature 18C; the PCR was finalized with 45 cycles at 948C for 30 sec, 57.88C for 30 sec, and 728C for 45 sec. The reaction concluded with a final elongation at 728C for 5 min, yielding a 294-bp PCR product. H19 expression was determined through the use of 7% polyacrylamide gel washed in 4 lg/ml ethidium bromide for 5 min; the gel was exposed to UV trans-illuminator and photographed. Samples that expressed the 294-bp H19 PCR product were then subjected to digestion with the BglI restriction enzyme (New England Biolabs). BglI only cuts the 294-bp maternal Cast transcript at nucleotide 7918 (NCBI sequence AF049091), between B6 (A) and Cast (G), leaving a 138-bp and 156-bp product (Fig. 2B) . The digestion reaction consisted of a 30-ll reaction (23.5 ll H 2 O, 13 NEB #3 Buffer [10x; New England Biolabs], 1.5 ll BglI restriction enzyme [10 000 U/ml; New England BioLabs], and 2 ll PCR product) and was digested at 378C for 2 h, followed by a 20-min incubation at 658C for inactivation. Allele-specific contribution of the total was determined through the use of 7% polyacrylamide gel washed in 4 lg/ml ethidium bromide for 5 min; the gel was exposed to UV trans-illuminator and photographed. TIFF images of the gels containing samples that expressed the (Cast-7) (C7) and studs were C57BL/6J (B6); F1 embryos were C73B6. In vitro culture was done in KSOM þ aa medium in low (5.0%) oxygen tension or Whitten medium in high (20.95%) oxygen tension. Incubator was set at 378C and 5.0% CO 2 . Embryos were collected at 84 h, 96 h, and 108 h after presumed ovulation, and developmental stage was recorded. Individual embryos were transferred to lysis buffer for allele-specific expression analysis. DNA from individual embryos was isolated by ethanol precipitation from the lysis buffer after mRNA isolation. DNA was bisulfite converted, used for PCR to amplify the first CTCF site of the H19/Igf2 ICR, cloned, and sequenced to allow us to differentiate allelic-specific methylation status. eCG, equine chorionic gonadotropin; hCG, human chorionic gonadotropin; FRET, fluorescence resonance electron transfer; RFLP, restriction fragment length polymorphism; IU, international units.
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imprinted paternal H19 allele were downloaded and analyzed using the Javabased image-processing program ImageJ [30] . Only samples that had at least 10% expression from the paternal allele were considered biallelic.
Kcnq1ot1 Allelic Determination
Allele-specific Kcnq1ot1 expression was determined using RT-PCR and RFLP targeting an SNP between Cast and B6 mouse strains. Kcnq1ot1 PCR amplification was conducted in an Eppendorf Master Cycler following secondstrand synthesis. The final concentration of the primers was 0.3 lM, and the PCR conditions were as follows: an initial denaturation step at 948C for 2 min 15 sec, followed by 35 cycles of one denaturation step at 948C for 15 sec, an annealing step at 60.58C for 30 sec, and an extension step at 728C for 45 sec. The reaction concluded, yielding a 633-bp PCR product. Kcnq1ot1 expression was determined through the use of 7% polyacrylamide gel washed in a 1-ml solution of 0.08 mM ethidium bromide for 5 min; the gel was exposed to UV trans-illuminator and photographed. Samples that expressed the 633-bp Kcnq1ot1 PCR product were then subjected to digestion with the HincII restriction enzyme (New England Biolabs). HincII only cuts the 633-bp maternal Cast transcript at nucleotide 17 409 (NCBI NR_001461), between B6 (C) and Cast (A), leaving a 176-bp and 457-bp product (Supplemental Fig. S1 , all Supplemental Data are available online at www.biolreprod.org). The digestion reaction consisted of a 40 ll-reaction (25.1 ll H 2 O, 100 lg/ml bovine serum albumin [New England Biolabs], 13 NEB #3 Buffer [10x; New England Biolabs], 1.5 ll HincII restriction enzyme [10 000 U/ml; New England BioLabs], and 9 ll PCR product) and was digested at 378C for 2 h, followed by a 20-min incubation at 658C for inactivation. Allele-specific contribution was determined through the use of 7% polyacrylamide gel washed in 4 lg/ml ethidium bromide for 5 min; the gel was exposed to UV trans-illuminator and photographed. TIFF images of the gels containing samples that expressed the imprinted maternal Kcnq1ot1 allele were downloaded and analyzed using ImageJ. Only samples that had at least 10% expression from the maternal allele were considered biallelic.
DNA Isolation and H19/Igf2 ICR Methylation Analysis
DNA isolation and bisulfite mutagenesis. DNA saved from single C73B6 F1 hybrid embryos that presented either monoallelic or biallelic H19 was subjected to ethanol precipitation as previously described by us [29] . DNA underwent bisulfite mutagenesis following the manufacturer's instructions for the Two Step Bisulfite Modification and Post-Modification Cleanup of Genomic DNA (Sigma Imprint DNA Modification Kit) (Fig. 1) , except as follows. Eluted DNA (21 ll) was added to 1 ll of Carrier RNA and 1 ll of Balance Solution before 10-min incubation at 378C. Halfway through the 90-min incubation at 658C, samples were removed from Master Cycler, mixed by inverting the tube, and returned to Master Cycler to finish incubation. During postmodification DNA clean up, samples were centrifuged for 1 min instead of 20 sec, and to elute postmodification genomic DNA, 23 ll of nuclease-free water was used instead of Elution Solution. All incubations were done in an Eppendorf Master Cycler PCR Machine.
PCR amplification and gel slice isolation. A 427-bp section of the H19 ICR (Genbank Accession Number U19619.1, position 1304-1730) was amplified as previously described (Fig. 1) [5, 10, [19] [20] [21] [22] . This region contains 15 CpGs, represents the first CTCF binding site [19] , and has two SNPs to differentiate between the paternal (B6) and maternal (Cast) alleles. The first polymorphism is located at nucleotide 1480 (deletion of a G in Cast) and the second, at nucleotide 1566 (B6 [G] and Cast [A]). Nested PCR primers include outer forward 5 0 GAGTATTTAGGAGGTATAAGAATT 0 3 (position 1278-1301) and outer reverse 5 0 ATCAAAAACTAACATAAACCCCT 0 3 (position 1729-1751), yielding a 474-bp product, followed by inner forward 5 0 GTAAGGAGATTATGT TTATTTTTGG 0 3 (position 1304-1328) and inner reverse 5 0 CTAACCTCATAAAACCCATAACTAT 0 3 (position 1706-1730), yielding a 427-bp product. The final concentration of the primers was 0.3 lM, and the PCR conditions were as follows: an initial denaturation step at 948C for 2 min 15 sec, followed by 40 cycles at 948C for 30 sec, 558C for 30 sec, and 728C for 1 min; the reaction concluded with a final elongation at 728C for 5 min. The 427-bp band containing the bisulfite-converted H19 ICR PCR product was then excised from a 1% agarose gel and recovered using the Wizard SV Gel and PCR clean up kit (Promega) according to the manufacturer's instructions. The PCR product was eluted in 45 ll of nuclease-free water.
Cloning and sequencing. Ligation of the 427-bp bisulfite-converted H19/ Igf2 ICR PCR product into pGEM-T Easy Vector (Promega) and cloning into NEB 5-alpha F'I q Competent E. coli (New England Biolabs) was done immediately after the DNA extraction from the agarose gel following the manufacturer's instructions, with various alterations. A total of 3.54 ng of DNA from the PCR product was ligated in a 5-ll reaction and incubated for 1 h at FIG. 2. H19 allele-specific expression assays. A) Resulting graph from qRT-PCR followed by FRET. Fluorescent hybridization probes were used for allelic discrimination assays. Cast and B6 cDNA from neonatal liver were used as control to determine the dissociation temperature of the fluorescent probe and the PCR product; dissociation temperature and area under the curve were used to determine allele-specific expression. 
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shock, and incubated at room temperature for 3 h before plating. Finally, 200 ll of a 1:10 dilution and 150 ll of undiluted samples were plated and incubated at room temperature for 60-72 h. Postcloning PCR was done on NEB 5-alpha F'I q Competent E. coli-positive colonies. All PCR reactions were performed using the inner set of primers used for the H19/Igf2 ICR PCR under the same PCR conditions. The 427-bp region was excised from 1% agarose gel and recovered using the Wizard SV Gel and PCR clean up kit according to the manufacturer's instructions. Clones were sequenced individually at the University of Missouri DNA sequencing facility using the 96-capillary 3730 DNA Analyzer with Big Dye Terminator (Applied Biosystems) (Fig. 1) . Sequences were analyzed using multiple sequence alignments by MacVector application.
H19 Allelic Expression in Microdissected F1 Hybrid Blastocysts
To determine the cell type responsible for the H19 biallelic expression, C73B6 F1 hybrid embryos were collected from the uteri of nine females at 109 h after presumed ovulation (i.e., peri-implantation).
Embryo collection. Collected embryos were immediately washed in a 1.5 ml 0.3% PVP in 13 PBS solution for 30 sec at room temperature. Embryos were then fixed by submerging in 1.5 ml of 10% neutral buffered formalin (Sigma) for 15 min at room temperature, followed by three separate washes of 1.5 ml 0.3% PVP in 13 PBS solution for 30 sec at room temperature, finally being placed in a fresh volume of 0.3% PVP in 13 PBS solution and stored at 48C until microdissection.
Microdissection. Borosillicate glass rods (BR-100-15; Sutter Instruments) were made into microdissection needles using a P-87 Flaming/Brown Micropipetter Puller Instrument (Rev. 0299c [20081016] ; Sutter Instruments). Supplemental Table S1 shows the program used to make the microdissection needles. Microdissection was performed using the needles described above, which were attached to a Transferman NK 2 Eppendorf manipulator mounted on either a Nikon Te-2000u or a Nikon Eclipse Ti microscope (Nikon). Individual F1 hybrid in vivo-developed embryos were placed in a Petri dish submerged in 20-ll droplets of 0.3% PVP in 13 PBS solution and covered with mineral oil. Embryos were microdissected into two parts, one part containing primarily the inner cell mass (ICM), primitive endoderm, and polar trophectoderm, and the other part containing primarily the mural trophectoderm with adjacent primary trophoblast giant cells (PTGCs). For microdissection, glass needles were placed on each side of the embryo, toward the center of the embryo. Needles were then inserted into the blastocoel cavity of the embryo from each side and moved inward until the tip of each needle touched the opposite side the embryo. This was followed by moving the needles toward opposite poles of the embryo, with the needle closest to the ICM moved up and the needle closest to the mural trophectoderm moved down. Finally, the needles were moved until the embryo split in the middle and the two poles were separated. After separation, the two portions were placed in separate 1.5-ml Eppendorf tubes containing 100-ll of Proteinase K Buffer from RNease Formalin Fixed Parafin Embedded Kit (Cat. No. 73504; Qiagen) and held at 48C until RNA isolation.
RNA isolation from ICM-and PTGC-containing sections. RNease Formalin Fixed Paraffin Embedded Kit was used to isolate RNA from each fixed embryo section. Isolation was done following the manufacturer's instructions for purification of total RNA from microdissected FFPE Tissue Sections with minor alterations (e.g., no deparaffinization step was required as the samples were not embedded in paraffin). Proteinase K was added (.6310 6 mAU) to the entire sample and incubated at 568C for 15 min, followed by another 15 min at 808C. The sample was immediately transferred to ice for 3 min and centrifuged for 20 min at 17 000 3 g. The supernatant was then transferred to a new 1.5-ml microcentrifuge tube, and DNase Booster Buffer and DNase I stock solution were added (10% of the total volume and 10 ll of 1500 Kunitz units, respectively). The sample was then incubated at room temperature for 15 min, and 320 ll Buffer RBC and 720 ll of 100% ethanol were added. Half of the solution was then transferred to an RNeasy MinElute Spin Column placed in a 2.0-ml collection tube and centrifuged for 15 sec at 8000 3 g; this was repeated until the entire solution had passed through the spin column. To finish washing, 500 ll of Buffer RPE, with previous ethanol added, was added and centrifuged three times for 15 sec at 8000 3 g, 2 min at 8000 3 g, and 5 min at 17 000 3 g. RNA was finally eluted in 28 ll of sterile deionized water; samples were then stored at À808C until cDNA synthesis.
Complementary DNA library construction. and incubated for 1 h at 428C, followed by 10 min at 958C. After cDNA synthesis, samples were stored at À208C until RT-PCR and qRT-PCR amplification. All incubations were done in an Eppendorf Master Cycler.
H19 allelic determination using RFLP. PCR amplification and determination of specific allelic expression of H19 was done using the same primer pair and PCR conditions as described above. RFLP to determine H19 parentspecific allele expression was conducted as described above. Samples were then subjected to qRT-PCR using five probes to determine the cellular makeup of each half and the level of expression of the imprinted genes H19 and Igf2. RT-PCR with Gapdh was done as described above to test the cDNA quality.
Quantitative Real-Time PCR TaqMan Gene Expression Assays (Applied Biosystems; see Supplemental  Table S2 ) were used to determine if a correlation existed between the total number of cells present in each section and the total amount of H19 mRNA. The samples were analyzed for Dek (DEK oncogene [DNA binding]), Pou5f1 (POU domain, class 5, transcription factor 1; previously known as Oct4), Itga7 (integrin alpha 7), H19, and Igf2, in at least duplicates, using a 7500 Real Time PCR Machine (Applied Biosystems). Threshold cycle (C T ) was normalized to the proto-oncogene protein, Dek [31] [32] [33] , which has been demonstrated to be equally expressed throughout the entire embryo [34] . ICM and PTGC cell markers (Pou5f1 [34, 35] and Itga7 [36] , respectively) were used to determine the identity of each embryo section. Both portions of the embryo were analyzed, and reactions were run at 50 cycles with 10 ll of 23 TaqMan Universal PCR MasterMix (part no. 4304437; Applied Biosystems,) and 1 ll of 203 TaqMan Gene Expression Assays Probe in a 96-well plate. A negative control of each probe used was incorporated.
Normalizing to Dek and Calculating Fold Difference in Each Embryo Section
First all values obtained from the duplicates were averaged. Only C T values that showed less than 0.5 cycle standard deviations were used for analyses. To normalize the number of cells in each half, the averaged C T of the highest value for Dek (i.e., lowest number of cells) was normalized to the lowest value for Dek (i.e., largest number of cells) for each embryo. Once the number of cells in each embryo half were normalized, the ddC T for Pou5f1 and Itga7 was determined by comparing the sections. The total amount of H19 transcript was determined based on the levels of Dek for each section. The Igf2 transcript level in relation to H19 transcript amount was calculated using corresponding H19 and Igf2 dC T values to calculate a new ddC T and fold difference.
Statistical Analyses
Data were analyzed by ANOVA using SAS 9.3 (SAS, Inc.) GLM procedure to obtain least squares means and standard errors of the mean.
RESULTS
All times of collection are reported based on the time of presumed ovulation for all groups: 84, 96, and 108 h.
H19 Allele-Specific Expression in Single C73B6 F1 Embryos
In this study, we determined allele-specific expression of the maternally expressed, imprinted gene H19. First, we determined that RNA isolation from each embryo (n ¼ 578) was successfully accomplished by detecting the levels of Gapdh mRNA (data not shown). We then measured the presence of H19 in those embryos and found that 466 had measurable levels of H19 transcript. Of the 466 embryos used to establish allele-specific expression of H19, 124 were produced after natural ovulation and 342 were produced after superovulation.
We used two methods to determine the parental allele of origin for the H19 transcripts, namely, qRT-PCR followed by FRET ( Fig. 2A ) and RT-PCR followed by RFLP and PAGE (Fig. 2B) . To determine if H19 allelic expression was perturbed by embryo culture, we collected embryos from SO females at the 2-cell stage and cultured them until 84, 96, and 108 h after presumed ovulation in either KSOM þ aa (n ¼ 132 embryos) or
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Whitten media (n ¼ 75 embryos). Collected embryos were analyzed based on chronological age rather than developmental stage (e.g., only blastocysts). Figure 3 shows the percent of embryos that expressed H19 in a biallelic manner (e.g., at least 10% from the paternal allele). Overall, the percent of embryos expressing detectable H19 from both parental alleles was similar between FRET and RFLP (Fig. 3, A and B ; P ¼ 0.45). To determine if the H19 LOI was caused by superovulation, we repeated the assay with embryos collected from NO females and performed an RFLP analysis. No significant effect was found to be caused by the type of ovulation (Fig. 3, C and D ; P ¼ 0.12); therefore, data were merged for subsequent analyses. Only samples that had at least 10% expression from the repressed allele were considered biallelic. For each set of bars, leftmost bar (light grey) ¼ 84 h, middle bar (cross hatched) ¼ 96 h, and rightmost bars (dark grey) ¼ 108 h. Time points refer to the time of embryo collection after the time of presumed ovulation at 0100 h (12 h after the hCG injection in the SO group and at the midpoint of the light dark cycle in the NO group). n ¼ number of embryos with H19 expression. *Statistical significance (P , 0.0001) noted when comparing the number of embryos with biallelic expression of H19 and age of embryos (i.e., 84, 96, and 108 h), and when analyzing treatment effect of culture (P , 0.004). Numbers within combined graph (E) are the P values corresponding to the statistical significance within treatments. Data are expressed as means 6 SEM. FRET, fluorescence resonance electron transfer; RFLP, restriction fragment length polymorphism.
NEGRÓ N-PÉ REZ ET AL. Figure 3E shows the results for all data combined. Significant differences were observed for age (in hours) of the embryos from time of presumed ovulation (P , 0.0001) and treatment effect of culture (P , 0.004) as a result of fewer embryos in the culture group.
Kcnq1ot1 Allele-Specific Expression in Single C73B6 F1 Embryos
Analysis of another imprinted gene, Kcnq1ot1, in single embryos using RT-PCR followed by RFLP and PAGE showed imprinting was maintained in all embryos regardless of treatment and time of collection (Supplemental Fig. S1 ).
H19/Igf2 ICR Methylation Analysis
DNA methylation of the ICR for H19 was compared between one monoallelic and three biallelic embryos (Fig. 4) . Embryos used for comparison were not cultured. One of the three biallelic embryos showed some hypomethylation of the region analyzed. However, no differences were evident in the level of methylation of the paternal allele between monoallelic and biallelic embryos, with the region showing hypermethylation in both types of embryos. It should be mentioned that, as expected, the maternal alleles were hypomethylated (data not shown). Interestingly, we noted that one of the CpGs was always unmethylated in the paternal allele (Fig. 4) . We used the publically available software TFSEARCH: Searching Transcription Factor Binding Sites (version 1.3) (http://www.cbrc. jp/research/db/TFSEARCH.html), which predicted this was a CDX1 (caudal type homeobox 1) binding site.
H19 Allelic Determination in F1 Hybrid Embryo ICM-and PTGC-Containing Sections
Peri-implantation stage embryos were harvested from unstimulated females at 109 h after ovulation and immediately fixed in 10% neutral buffered formalin to preserve RNA integrity. Embryos (n ¼ 8) were subsequently bisected into ICM-containing and PTGC-containing sections (Fig. 5, A and  B) . H19 allelic expression in ICM-and PTGC-containing sections was analyzed through the use of RT-PCR followed by RFLP as described above. All ICM and PTGC sections expressed H19 in a biallelic manner. Supplemental Table S3 shows the percentage of parental-specific H19 expression for each embryo section analyzed.
Quantitative Real-Time PCR
Since the site of dissection varies between embryos, an unequal number of cells is expected in each one of the embryo sections. Therefore, we normalized the section with the lowest amount of Dek (i.e., higher C T ) to the section with the highest amount of Dek (i.e., lower C T ). Once the cycle thresholds were normalized between embryo sections, we calculated the dC T (difference in cycle threshold) for Pou5f1, Itga7, H19, and Igf2 mRNA using Dek as a normalizer. Pou5f1, a marker for ICM, and Itga7, a marker for PTGC, were used to ensure accuracy of dissection. Analysis of fold difference showed that levels of Pou5f1 were higher in the ICM-containing section than in the PTGC-containing section (P , 0.0001; Supplemental Fig. S2 ). On the other hand, analysis of fold difference showed that levels of Itga7 were higher in the PTGC-containing section when compared to the ICM-containing section (P , 0.0001; Supplemental Fig. S2 ). Next we compared the levels of H19 in each of the embryo sections. Figure 5C shows the fold difference of H19 when compared to Dek in each section of all embryos analyzed. The expression level of H19 was greater in the PTGC-containing section than the ICM-containing section (P , 0.0001). Because there are several possible ways that H19 may be regulating Igf2 during implantation [37] [38] [39] [40] [41] , it was expected to find lower levels of Igf2 where H19 levels were higher. The mean amount of Igf2 transcript was lower in the PTGC-containing section when compared to the ICM-containing section (P ¼ 0.07; Fig. 5D ). Alternatively, the mean C T of Igf2 relative to H19 was higher in the PTGC-containing section when compared to the ICM-containing section (Fig. 5E ). Supplemental Figure S3 shows the fold difference of Igf2 when compared to Dek in each section of all embryos analyzed.
DISCUSSION
In our study, we show an increase in the percentage of embryos with biallelic H19 expression related to the hour of collection, regardless of superovulation or culture. It should be noted that the biallelic expression of H19 was not mimicked by another imprinted gene, namely Kcnq1ot1, which was always monoallelically expressed. In addition, we observed that all peri-implantation embryos used in the dissection experiment had expression of H19 from both parental alleles. Similar to our findings, a recent publication shows a relation between LOI and faster-developing embryos in culture [23] . Taken together these observations suggest that at the late blastocyst stage, H19 biallelic expression may be caused by a developmental cue (''molecular clock'') that occurs in the embryo around the time of implantation, instead of being a direct result of superovulation or embryo culture. A molecular clock is an event occurring at a given time postfertilization independent of the environment or cellular circumstances [42] . Several molecular clocks have been described to govern developmental transitions during preimplantation embryo development, among which are genome activation [43] , Dnmt1o nuclear translocation [42] , compaction [44] , and blastocoel formation [45, 46] . Blastocyst development begins from the tight junctions and expansion of the trophectoderm (TE) cells that lead to formation of a cavity known as a blastocoel [35, 47] . TE cells will then differentiate into mural trophectoderm (farthest from the ICM) cells or into polar trophectoderm cells (closer to the ICM). The mural TE will give rise to the highly invasive PTGCs [48] , which are necessary for embryo implantation into the uterus. At the time of peri-implantation, the PTGCs are detectable from the abembryonic pole to the edge of the ICM [49] . The mural TE-derived PTGCs undergo endoreduplication [50] , are the first terminally differentiated cell type during embryogenesis, mediate implantation to the uterus around Day 4.5 of embryonic development, invade the uterus, and come together to form the yolk sac placenta for early nutrient exchange [51] . Endoreduplication is the duplication of the genome without subsequent cell division; one possibility is that PTGCs undergo endoreduplication to facilitate invasive extraembryonic tissue formation and growth to save time and energy expenditure [51, 52] .
Previous research shows that embryo culture can cause abnormal allelic expression of H19 in mouse blastocysts [20] and that this LOI is maintained up to Day 9.5 of embryo development [22] . Another study [19] also shows abnormal H19 expression in the fetal and placental components of the conceptus after embryo culture and embryo transfer. The LOI of H19 as well as other imprinted genes was also observed in the placenta of less manipulated (i.e., only embryo transfer) Day 9.5 conceptuses [19] . We did not do further experiments to study the adverse effects of embryo manipulation on H19 H19 
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allelic expression at midgestation, as previous reports already have shown this to be the case [19, 22] .
Previous analyses of single embryos collected at the blastocyst stage show that ;65% of embryos cultured in Whitten medium present significant LOI of H19; only 14% of embryos cultured in KSOM þ aa, and 6% of in vivo-derived blastocysts, have biallelic expression of H19 [22] . Different methodology, chronological age, and number of embryos analyzed may have led to the differences observed between our work and those studies. We observed an effect of culture in our study, but it was due to fewer embryos expressing H19 in the cultured groups when compared to the in vivo group. This is not surprising, since embryos develop slower in culture than in vivo. We have noted in the course of our experiments that, on average, embryos cultured in KSOM þ aa are approximately 12 h behind in development as compared to the in vivo embryos; furthermore, embryos cultured in Whitten media are approximately 12 h behind in development when compared to the KSOM þ aa-cultured embryos. We did not analyze the embryos collected based on developmental stage but rather by time from presumed ovulation; therefore, cultured embryos will include slower-developing embryos at the final time point examined when compared to in vivo-produced embryos. It is probable that the PTGC formation is delayed in culture, thus accounting for the fewer embryos with biallelic expression in those groups.
While an association between biallelic H19 expression and loss of methylation of the paternal allele has been reported for pools of cultured embryos [22] , similar results were not observed by us when using individually analyzed in vivoproduced blastocysts. The fact that we did not observe loss of methylation at the ICR of in vivo-produced embryos is not inconsistent with our hypothesis that biallelic expression of H19 only occurs in a subpopulation of embryonic cells, which we hypothesize to be the PTGC. At peri-implantation, the mouse embryo is composed of approximately 120 total cells [53] , with only ;50 belonging to the mural trophectoderm [54] , which will begin transforming into PTGC at this time [48, 49, 53, 55] . Therefore, if our hypothesis is correct, only a few cells would be hypomethylated at the H19/Igf2 ICR (Fig. 4C ), making it difficult to visualize during DNA methylation analyses.
Interestingly, the methylation analyses of the H19/Igf2 ICR revealed a CpG site that was unmethylated in the majority of FIG. 5 . Embryo microdissection and section-specific Igf2 and H19 expression. A) Embryos are collected from the uterus from unstimulated females at 109 h after presumed ovulation. C73B6F1 embryos were fixed upon collection in 10% neutral buffered formalin. A) Whole blastocyst before dissection: polar TE with ICM above the needles; mural TE with PTGC below the needles. B) Embryo halves: the white square demarcates the ICM, primitive endoderm cells, and/or adjacent polar TE; the black square demarcates the mural TE and PTGC. Original magnification 320 (A, B). C) H19 expression relative to Dek in each embryo section of the eight embryos analyzed. Fold of H19 is statistically significant (P , 0.0001) between ICM-and PTGCcontaining sections. Light gray bars indicate ICM-containing section, and dark gray bars indicate PTGC-containing section. D) Igf2 mean fold difference from H19 (n ¼ 8). E) Igf2 mean difference in C T from H19 (n ¼ 8). *Statistical significance (P ¼ 0.07) noted when comparing levels of Igf2 to H19 in ICMand PTGC-containing sections. All embryos presented biallelic H19 expression. qRT-PCR was used to determine the amount of H19 and Igf2 mRNA present in each embryo section. The fold change was calculated using the comparative C T method after normalizing to proto-oncogene Dek. The data shown in D are expressed as 6 SEM.
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the sequences. Through the use of the publically available software TFSEARCH, we found that the amplified sequence containing the unmethylated CpG was predicted to be a CDX1 binding site. It has been reported that Cdx1 may have repressing activity [56] [57] [58] . Another study in breast cancer tumors also found CDX1 binds to the site at the H19/IGF2 ICR locus [57] .
We hypothesized that H19 becomes biallelically expressed around the time of implantation to control the invasion of the PTGC to the uterus. Similar to what we found in our work, a study that analyzed H19 expression using allele-specific in situ hybridization showed paternal H19 expression during cytotrophoblast development (human TGC) [59] . Cytotrophoblast cells are invasive cells derived from the human trophoblast; they have tumor-like behavior in early pregnancy in which they invade and attach to the uterine epithelial cells [60, 61] . In an attempt to identify which subpopulation of cells expressed biallelic H19, we dissected peri-implantation embryos into two sections. One section contained primarily the ICM, primitive endoderm, and adjacent polar trophectoderm, while the other section primarily contained the mural trophectoderm and differentiated PTGC. We used the embryonic cell-specific markers Pou5f1and Itga7 to ascertain enrichment of each subpopulation of cells. qRT-PCR analysis showed reciprocal levels of H19 and Igf2 mRNA in embryo sections, with greater H19 expression levels in the PTGCcontaining section.
After the blastocyst stage, growth factors such as IGF2 are necessary for normal embryo development [15] . At this stage, Igf2 is associated with tumor enhancer activity [13] [14] [15] . Upregulation and biallelic expression of H19 during the periimplantation stage may suggest a role of this transcript to control uterine implantation. There are several possible mechanisms by which H19 may be regulating Igf2 expression during implantation. Firstly, directly at the ICR: loss of H19 transcript or deletion of H19, including the ICR, is not lethal but is associated with placental and fetal overgrowth and Igf2 overexpression [37, 38] . Secondly, at the posttranscriptional level: overexpression of H19 affects expression of Igf2 as well as that of other imprinted genes involved in growth [39] . Thirdly, as a regulator of Igf2 stability: Igf2 transcript stability requires binding to Igf2 mRNA binding protein 1 (IGF2BP1); H19 transcripts found in the cytoplasm [62] can also bind to IGF2BP1 [40, 41] . Therefore, competition between H19 and Igf2 mRNAs for IGF2BP1 may affect Igf2 expression.
In summary, results reported here show that as blastocysts advance in development and prepare to implant into the uterus, a subpopulation of cells in the mural trophectoderm loses imprinted gene expression of H19 and begins expressing this transcript from both parental alleles. We propose that this occurs specifically in the primary trophoblast giant cells. We observed this phenomenon in the absence of embryo culture. Even though it is well established that embryo culture can result in LOI at midgestation, our results suggest that previous observations made at the late blastocyst stage could be partially explained by the natural occurrence of biallelic H19 expression in a subpopulation of embryonic cells. We conclude that biallelic expression of H19 is a normal physiologic event in peri-implantation stage embryos and that this occurs primarily in the PTGCs derived from the mural trophectoderm.
